Abstract
The T2K experiment observes indications of ν µ → ν e appearance in data accumulated with 1.43 × 10 20 protons on target. Six events pass all selection criteria at the far detector. In a threeflavor neutrino oscillation scenario with |∆m 2 23 | = 2.4 × 10 −3 eV 2 , sin 2 2θ 23 = 1 and sin 2 2θ 13 = 0, the expected number of such events is 1.5±0.3(syst.). Under this hypothesis, the probability to observe six or more candidate events is 7×10 −3 , equivalent to 2.5σ significance. At 90% C.L., the data are consistent with 0.03(0.04)< sin 2 2θ 13 < 0.28(0.34) for δ CP = 0 and normal (inverted)
hierarchy. We report results of a search for ν e appearance in the T2K experiment [1] . In a threeneutrino mixing scenario, flavor oscillations are described by the PMNS matrix [2, 3] [14] and MINOS [15] .
T2K uses a conventional neutrino beam produced at J-PARC and directed 2.5
• off-axis to
Super-Kamiokande (SK) at a distance L = 295 km. This configuration produces a narrowband ν µ beam [16] , tuned at the first oscillation maximum E ν =|∆m 2 23 | L/(2π) 0.6 GeV, reducing backgrounds from higher energy neutrino interactions.
Details of the T2K experimental setup are described elsewhere [17] . Here we briefly review the components relevant for the ν e search. The J-PARC Main Ring (MR) accelerator [18] provides 30 GeV protons with a cycle of 0. We present the study of events in the far detector with only a single electron-like (elike) ring. The analysis produces a sample enhanced in ν e charged-current quasi-elastic interactions (CCQE) arising from ν µ → ν e oscillations. The main backgrounds are intrinsic ν e contamination in the beam and neutral current (NC) interactions with a misidentified π 0 . The selection criteria for this analysis were fixed from Monte Carlo (MC) studies before the data were collected, optimized for the initial running conditions. The observed number of events is compared to expectations based on neutrino flux and cross-section predictions for signal and all sources of backgrounds, which are corrected using an inclusive ν µ chargedcurrent (CC) measurement in the off-axis near detector.
We compute the neutrino beam fluxes ( Fig. 1 ) starting from models and tuning them to experimental data. Pion production in (p, θ) bins is based on the NA61 measurements [21] , typically with 5-10% uncertainties. Pions produced outside the experimentally measured phase space, as well as kaons, are modeled using FLUKA [22, 23] . These pions are assigned systematic uncertainties on their production of 50%, while kaon production uncertainties, estimated from a comparison with data from Eichten et al. [24] , range from 15% to 100% depending on the bin. GEANT3 [25] , with GCALOR [26] for hadronic interactions, handles particle propagation through the magnetic horns, target hall, decay volume and beam dump.
Additional errors to the neutrino fluxes are included for the proton beam uncertainties, secondary beamline component alignment uncertainties, and the beam direction uncertainty.
The neutrino beam profile and its absolute rate (1.5 events/10 14 p.o.t.) as measured by INGRID were stable and consistent with expectations. The beam profile center (Fig. 2) indicates that beam steering was better than ±1 mrad. The correlated systematic error is ±0.33(0.37) mrad for the horizontal(vertical) direction. The error on the SK position relative to the beamline elements was obtained from a dedicated GPS survey and is negligible. As shown in Fig. 1 , the estimated uncertainties of the intrinsic ν µ and ν e fluxes below 1 GeV are around 14%. Above 1 GeV, the intrinsic ν e flux error is dominated by the uncertainty on the kaon production rate with resulting errors of 20-50%.
The NEUT MC event generator [28] , which has been tuned with recent neutrino interaction data in an energy region compatible with T2K [29] [30] [31] , is used to simulate neutrino interactions in the near and far detectors. The GENIE [32] generator provides a separate 
CC coherent π ± 100% (upper limit from [27] )
NC other π 30% FSI energy-dependent (10% at 500 MeV)
cross-check of the assumed cross-sections and uncertainties, and yields consistent results. A list of reactions and their uncertainties relative to the CCQE total cross-section is shown in Table I . An energy-dependent error on CCQE is assigned to account for the uncertainty in the low energy cross-section, especially for the different target materials between the near and far detectors. Uncertainties in intranuclear final state interactions (FSI), implemented
with a microscopic cascade model [33] , introduce an additional error in the rates (see e.g. 
where R under the assumption of two showers [35] , and a cut on the two-ring invariant mass M inv < 105 MeV/c 2 is imposed. No events are rejected (Fig. 4) . Finally, the neutrino energy < 1250 MeV, aimed at suppressing events from the intrinsic ν e component arising primarily from kaon decays (Fig. 5) . The data and MC reductions after each selection criterion are shown in Table II . The ν e appearance signal efficiency is estimated from MC to be 66% while rejection for ν µ +ν µ CC, intrinsic ν e CC, and NC are > 99%, 77%, and 99%, respectively. Of the surviving background NC interactions constitute 46%, of which 74% are due to π 0 mesons and 6% originate from single gamma production.
Examination of the six data events shows properties consistent with ν e CC interactions. To compute the expected number of events at the far detector N exp SK , we use the near detector ν µ CC interaction rate measurement as normalization, and the ratio of expected events in the near and far detectors, where common systematic errors cancel. Using Eq. 1, this can be expressed as:
where N M C SK is the MC number of events expected in the far detector. Due to the correlation of systematic errors in the near and far detector samples, Eq. 2 reduces the uncertainty on the expected number of events. Event rates are computed incorporating three-flavor oscillation The systematic uncertainties due to event selection in SK were studied with cosmic-ray muons, electrons from muon decays, and atmospheric neutrino events. Their contribution 0.6% from the energy scale and 0.2% from the delayed electron signal tagging efficiency. The π 0 rejection efficiency, studied with a NC π 0 topological control sample combining one data electron and one simulated gamma event, contributes 0.9%. The uncertainty on the acceptance of one-ring e-like events was studied with an atmospheric neutrino sample, adding a contribution of 5% from ring counting and 4.9% from particle identification uncertainties.
The performance of muon rejection by the ring particle identification algorithm was investigated using cosmic-ray muons and atmospheric neutrino events, giving 0.3%. The effect from uncertainties in the M inv cut is 6.0%. Combining the above uncertainties, the total far detector systematic error contribution to δN exp SK /N exp SK is 14.7%(9.4%) for sin 2 2θ 13 = 0(0.1).
Our oscillation result is based entirely on comparing the number of ν e candidate events with predictions, varying sin 2 2θ 13 for each δ CP value. Including systematic uncertainties, the expectation is 1.5±0.3(5.5±1.0) events for sin 2 2θ 13 = 0(0.1). At each oscillation parameter point, a probability distribution for the expected number of events is constructed, incorporating systematic errors [37] , which is used to make the confidence interval (Fig. 6) , following the unified ordering prescription of Feldman and Cousins [38] .
In conclusion, the observation of six single ring e-like events exceeds the expectation of We thank the J-PARC accelerator team for the superb accelerator performance and CERN NA61 colleagues for providing essential particle production data and for their ex- 
